Three desert washes were sampled to evaluate the transport of contaminated sediments from abandoned mining sites to downwash environments. The area of concern is an extreme arid climate considered stable and not to pose pathways for contaminated sediments to impact downwash environments. Research of mine wastes in Nelson, Nevada has shown that residual geogenic and anthropogenic trace elements have been mobilized in surface sediments as a result of storm event. Cyanide and trace elements, especially mercury and lead, have transported to 6000 m downwash from source areas. Short term environmental impacts appear to be minimal because of present-day environmental conditions. However, climate shifts caused by the El Nino Southern Oscillations or even a dramatic climate shift might increase regional precipitation promoting a more rapid erosion of contaminated sediment. Currently, wash sediments do not contain levels of CN -or trace elements that pose threats to the environment; however, if erosion and transport of mining waste increased because of additional precipitation, then CN -and trace elements loading in storm water would increase, with their possibly delivery to Lake Mohave.
Introduction
Precious metals exploration in the American West has been an important factor in the development of the United States west of the Mississippi River (Sims, 2011) . Mining activities have occurred in temperate and semi-arid climates as well as in the Mojave Desert, an arid region in the south-western United States (Hughes & Diaz, 2008) . Most research on environmental impacts of mining in arid climate has focused on aeolian dispersion of tailings and milling wastes (Meza-Figueroa et al., 2009) . Wind can have a major impact on the transport and distribution of trace element-laden dust originating from mine tailings in semi-arid or arid climates (Meza-Figueroa et al., 2009; Hayes et al., 2009) . In humid and temperate areas where runoff transports contaminants as both dissolved and suspended particulate phases beyond source areas, ecological and human health risks can be substantial (e.g. Slowey et al., 2007; Jamieson et al., 2004; Alvarez-Ayuso et al., 2008) . However, such environmental risks are considered much less in areas where low precipitation, e.g., hyperarid regions of the American Southwest, limits the transport and exposure of mine waste contaminants to the wider environment (Navarro et al., 2008; Hayes et al., 2009) .
Unlike temperate or non-dry climates, abandoned mining sites in hyperarid environments have not received much attention in terms of assessing environmental threats they pose or the potential for increased risk, possibly mediated by climate change (Hughes & Diaz, 2008; Sims, 2010) . In the Mojave Desert, climate is relatively stable and predictable however, global climate conditions can foment change to terrestrial environments from temporary environmental shifts such as the El Nino Southern Oscillations (ENSO) or more dramatic shifts caused by climate change (Holmgren et al., 2001; Dillon & Rundel, 1990; Rodriguez et al., 2005) .
Studies in the Mojave Desert have shown a 4% increase in the frequency of heavy rainfall events during the latter part of the 20 th century further indicating the possibility of change in arid regions such as Nelson, Nevada (Dore, 2005; Serrat-Capdevila, 2007) , perhaps developing more significant environmental impacts than presently exist. Despite current conditions, some authors suggest climate change will impact the Mojave Desert with probable increases in precipitation, creating conditions favorable for greater mobility of contaminants (Hereford et al., 2006; Gillespie & Loik, 2004 (NWS, 2011) . Since its installation, the area has been in a major drought cycle with a total precipitation of < 7 mm of rainfall between January 2008 and December 2010, a significantly lower amount than the expected annual average of 7 cm (BOR, 1995) . The average event during this period (2008-10) produced < 0.5 mm resulting in little or no overland flow. Because of the lack of recorded events in recent years, and the localized nature of storms across this region, data were mined from newspapers of the Las Vegas Review Journal for stories pertaining to storm events that occurred in the Nelson area. It was observed that localized storm events produce significant rainfall > 2 cm in a short period of time (20 minutes) in Southern Nevada and Nelson area.
Recent studies on climate change predictive models have considered whether climate can affect environmental conditions with further desertification, steady state conditions, or increased precipitation (Giannini et al., 2008; Giorgi & Lionello, 2008; Hancock, 2009) . Understanding the potential effects of climate change in regions where current conditions indicate a stable, low impact environment is imperative when considering pathways for abandoned mine waste to impact a wider area.
In this field study, we investigated mine tailings and milling wastes in dry wash sediments to assess the current risks posed to downgradient environments in a hyperarid region. Three wash systems (Carnation, Eagle and Techatticup washes) near Nelson were chosen to evaluate the levels of contaminants (CN -, Hg, and Pb) in the mine waste and their possible mobilization downwash (Figure 1 ) with occasional storm runoff events, as well how the current situation may be influenced by climate change. This study used precipitation records along with the Universal Soil Loss Equation to make broad predictions on the wider environment, mainly, sub regional areas like downwash areas of Nelson, NV. Objectives were to determine if existing conditions pose any environmental risks to downwash areas. Furthermore, if plausible, will future short term (e.g ENSO) or long term changes (e.g. climate change) increase risk to downwash areas.
Materials and Methods

Study Area
Mining areas near Nelson, Nevada contains ore bodies composed of quartz monzonite dikes with Precambrian deposits of garnetiferous granite gneiss, and Tertiary, and Quaternary units (Hansen, 1962; Longwell et al., 1965) . Quaternary age materials typically consist of fluvial and alluvial unconsolidated sediments. Average elevation where the sampling was performed range from 944.9 m above sea level (ASL) at the Town of Nelson to 137.2 m ASL along the Colorado River. Slope in the area is between 6-7% from mountains to the Colorado River.
This area is considered part of the Mojave Desert and receives < 7cm of precipitation annually (USDA-SCS, 1977) . Though the area receives little rainfall, precipitation during the El Nino Southern Oscillation (ENCO) has been reported to increase 5 to 8 times the normal average (Holmgren et al., 2001; Rodriguez et al., 2005) . The 'rainy season' is typically during the months of July and October, when roughly 35 to 40% of the measurable precipitation occurs in 1.5 cm, or greater, events from a single summer thunderstorm (BOR, 1995) . The nearest permanent water to Nelson is Lake Mojave, approximately 10 km downwash from source mines in the study area (Figure 1 ).
Data concerning precipitation in the study area is sparse before 2008 due to its remote location. However, there have been three historical storm events reported in local newspapers going back to 1957 (LVRJ, 2011). The first event reported was August 22, 1957 where a storm produced 6.5 cm of precipitation; a second on June 21, 1958 that produced 3.9 cm of precipitation; and finally on September 14, 1974, a storm produced 2.6 cm of precipitation. Data from 2008 onwards is available however, due to an on-going drought, the June 21, 1958 storm event measuring 3.9 cm can be considered a typical event that occurs in Southern Nevada, according to Greene (1975) .
The sites investigated in this study are situated at the upper end of each wash where mines operated between the late 1800s through the 1940s. These mines have since been abandoned with tailing enriched with trace elements are exposed to the environment. According to Longwell et al. (1965) acres (Longwell et al., 1965) . Although enriched wastes have eroded into each of the three washes, environmental conditions today permit relatively small amounts of contaminated tailings transportation downwash. However, past storm runoff events may have transported mine tailings downwash, and it is also possible that an increase in precipitation could further mobilize and transport mine tailings from the source areas. Figure 1 . Sediment sampling start and finish in wash systems in relation to Lake Mohave, Nevada. Sampling start and end points are depicted on figure. Background sample points are where the sampling transects start
Application of Universal Soil Loss Equation
Erosion from source areas was calculated to estimate the quantities of sediments from mine waste sites that have been transported downwash per storm event. Although the Universal soil loss equation (USLE) was developed to model sheet erosion of sediments from agricultural fields, it can be used for the modeling of rolling waves of sediment as presented by Baver et al. (1972) :
where A is the mass of sediment lost from a unit area (metric tons per acre), R is precipitation in cm after accounting for the average infiltration rate, K is erodibility of sediment, and LS is the slope length factor. To determine LS (Slope factor) the following equation was used according to Stone (2000) :
where slope length is the length of slope in meters, slope is slope-steepness (%). According to Stone (2000) , NN is 0.5 for slopes > 5%, 22.1 is a factor used for metrics, while other numerical values are empirical constants recommended by Stone (2000) . Before using the USLE, the average infiltration rate was determined (Linsley et al., 1967) :
where P is precipitation in cm, R is the runoff coefficient, t R is the duration of a storm event or period, and W is the average soil infiltration rate for the region in cm per hour. P and t R are measured values while R can be calculated by using the following equation by Linsley et al. (1967) :
where P is precipitation in cm, K is erodibility of sediment defined by Novotny and Chester (1981) for sandy loam as 0.47 (dimensionless). To validate the K factor recommended by Novotny and Chester (1981) , divide R by the precipitation, the value obtained by this exercise will equal K.
Wash Sediment Sampling and Analysis
The sediment sampling was designed to assess possible transport of CN -and trace elements downwash from source areas by storm-water runoff. Twelve composite samples were collected in a staggered pattern downwash from source areas up to 6000 m in each of the three washes. Each composite sample was composed of three sediment samples, collected (≤ 5 cm depth) in a linear fashion across the wash area at the sampling distance locations. In a similar manner samples were also collected at 60, 120, and 180 m above the source areas for background levels assessment followed by sampling of the source areas and beyond at 50, 100, 200, 400, 1000, 2000, 4000, and 6000 m downwash from source materials. The location of waste tailings for each sampling starting point is shown in Figure 1 .
All sample preparation and analysis was according to USEPA protocols under solid waste manual 846 (SW-846) (USEPA, 1997). Samples were prepared using standard procedures and the < 2mm fraction was analyzed for CN -and trace elements, Hg and Pb. Analysis for CN -was performed using distillation followed by colorimetric analysis by USEPA method 9010. Mercury was analyzed by aqua-regia potassium permanganate preparation followed by cold vapor atomic adsorption (CVAA) according to USEPA method 7471. Sediment samples were digested by EPA method 3050, hot aqua-regia, and analyzed for Pb by inductively coupled plasma -atomic emission spectroscopy (ICP-AES) per EPA 6010. Quality Control (QC) included the collection and analysis of duplicate field samples and USEPA approved certified reference material (CRM). Analytical Standards were required to achieve ± 5.0 % recovery of true values with an R 2 of 0.995 or greater for acceptability under USEPA guidelines (USEPA, 1986) . All analyses met the required QA/QC limits of the methods used.
Results and Discussion
Observed Trends
The surficial sediments are sandy in texture and contain < 1% organic carbon (Longwell et al., 1965) . The 12 composite sediment samples analyzed from each wash showed generally low levels of CN -and Hg (Sims, 2011) . The local background concentrations of CN -or Hg were below detection limits as expected as both are anthropogenic inputs in historic mining operations. Lead was detected between 11 and 127 mg kg -1 in the background locations (Table 1) .
Cyanide, Hg, and Pb levels in wash sediments indicate mine tailings have eroded into the wash systems from mine sites. Each wash system exhibited similar levels of CN -, Hg, and Pb with an overall decrease in concentration between source areas and 6000 m downwash (Table 1) Mercury and Pb showed similar trends to CN -in washes with initially large concentrations in the source areas followed by a decrease along wash systems, except in the Eagle wash where they (Pb and Hg) increased beyond 4000 m. Other studies have suggested that different trends could be the result of sediment transport moving greater masses of mine waste during storm events (Hayes et al., 2009 ).
In downwash areas of all three wash systems, CN -was below the USEPA risk based soil -groundwater pathway soil screening level (SSL) of 7.4 mg kg -1 , and therefore CN -does not pose an environmental risk. Soil screening levels are USEPA goals set for contaminants in soils around housing, farming, industrial, and mining areas. Results indicate Hg and Pb are above soil -groundwater pathway SSL of 0.03 mg kg -1 Hg and 14 mg kg -1 Pb. With transport of contaminants (CN -, Hg, Pb) evident and HG and PB are above soil -groundwater SSL, risks to human, plant, and animal health are low due to low sediment moisture and precipitation.
Environmental Risk
The risk to the wider environment is import. Evaluating the current and future transport of contaminated waste must be examined to predict possible impacts. To determine the amount of contaminated wastes eroding into ephemeral washes during a typical storm event, the Universal Soil Loss Equation (Eq.1) was utilized. Infiltration rate of rainfall into soil was calculated to be 0.0017 cm/hour (Eq.3) and therefore, not considered significant for the typical 20 minute storm. Other authors have suggested that soil infiltration rates in desert environments are insignificant where precipitation exceeds infiltration rates (Horton, 1940; Huggins & Monke, 1966; Bras, 1990) . For this typical storm event and applying the USLE, approximately 0.826 metric tons of sediments per acre can erode from source areas to the wash systems. Sediment erosion thus would equal 8.3 metric tons, per typical event, at the Carnation and Eagle source areas that are both 10 acres in size, and 41.3 metric tons at the Techatticup which is approximately 50 acres in size.
Taking into account previous study predictions of frequency, one event equal to June 21, 1958 occurred per year would erode 581 metric tons of source tailings from Carnation and Eagle and 2,800 metric tons from the Techatticup since closure. Based on historical storm events, the Carnation and Eagle mines would take 4,200 years whereas the Techatticup would need 5,900 years to completely erode and be transported to Lake Mohave. Current conditions, if unchanged, would pose little, if any, environmental risk to the wider environment. However, according to Barnett et al. (2008) climate change might result in widespread increases in precipitation, perhaps as much as 2 to 10 times the present day average, or, could increase storm intensity or frequency. Figure 2 depicts possible risk posed by abandoned mining sites to the wider environment. While future risks are difficult to predict, it is possible to evaluate scenarios for total erosion of sediments based on hypothetical conditions. For example, studies indicate that global climate change can either reduce or intensify precipitation as a result of climate change. It is possible for climate change to reduce erosion of mine waste, benefiting the wider environment. Figure 2 shows possible risk of transport mechanisms due to environmental shifts. First, currently conditions present a low risk of transport from source due to recorded precipitation in the area (NWS, 2010) . Second, further desertification results in very low risk with the region receiving less precipitation. Third, moderate risk is an increased in precipitation due to seasonality or short term environmental shits from ENSO events. Finally, high risk is a dramatic climate shift resulting in significant precipitation.
Erosion Estimates
An increase in storms would provide favorable conditions for sediments to be transported farther downwash in greater quantities (USDA-SCS, 1977) . Of course, these are assumptions and at best may represent worst case scenario for future events. However, according to Boer et al. (1992) , ENSO can predictably produce storm events 5 times more frequent than current precipitation. Following their example, erosion of waste tailings is estimated at 41.3 metric tons/yr for Carnation and Eagle and 206.5 metric tons/yr for the Techatticup will be eroded and transported down wash (Figure 3 ), provided in a highly unlikely situation such an event occur every year. Whilst ENSO is relatively predictable, occurring every 5 to 7 years (Boer et al., 1992) , it usually has a 1 year cycle, providing for a slightly higher risk of contaminated sediment exposure to the wider environment. Though ENSO does pose some increased environmental risk for more rapid erosion of contaminated sediments, the return to current conditions reestablishes the stable, low risk environment (Iwashima & Yamamoto, 1993) .
If global climate change increased precipitation in the Nelson area, what change might one see with regards to waste tailings? Barnett et al. (2008) and others suggest that climate change can increase storm frequency > 10 times current rates in arid environments (Iwashima & Yamamoto, 1993; Hancock, 2009 ). Long-term environmental impacts could be increased with climate change according to current predictions (e.g. Serrat-Capdevila et al., 2007; Holmgren et al., 2001; Rodriguez et al., 2005) . Furthermore, environmental shifts of El Nino might increase local precipitation in the Mojave Desert, even though it is a short period of time (every seven or so years) that this event typically impacts local weather conditions. According to Bras (1990) natural climate variability on water resources and ecosystems make for difficult predictions of future events. With this in mind, this study used a simplified predictive model based on constant erosion rates over time.
Utilizing the USLE for computation, the erosion rates of source areas for each wash were determined for three rainfall conditions previously discussed: current conditions, ENSO events that occur once every 7 years, and dramatic climate change (Figure 3 ). Based on the erosion rates for each condition, and associated estimates, of total masses of materials at each wash, complete erosion of each source mass was projected. Using the storm event of June 21, 1958 as previously described, complete erosion of the three source areas under current conditions may require 4,000 -6,000 years. The current conditions combined with ENSO every 7 years, complete erosion of the three source areas may require 3,000-4,000 years. Using the storm event of June 21, 1958 to evaluate possible climate change, complete erosion of the three source areas is greatly accelerated. Such a frequency increase could produce erosion at the Carnation and Eagle washes of 99.1 metric tons/yr and 495.6 metric tons/yr at the Techatticup, and complete erosion of the three source areas requires about 400-500 years, based on USLE approximations. Because ENSO and climate change can possibly increase erosion of sediments, contaminated tailings would enter the washes at greater rates, increasing potential exposures and risks to human health and the environment.
Although current climatic conditions lack chemical processes that would elevate the status of Hg, Pb, or even CN -to greater environmental risks, an increase in erosion of tailings can provide for the mechanism by which contaminants become significant risks. For example, studies have shown that where moisture is available (e.g. soils, lakes, ponds) that geochemistry conducive to the methylation of Hg might develop, resulting in an anaerobic setting for the reduction to methyl-mercury (CH 3 Hg + ) (Bonzongo et al., 1996; Mastrine et al., 1999) . Greater amounts of sediment containing Hg transported to Lake Mohave, or in ponds created by greater rainfall, could achieve these favorable conditions. 
Conclusions
Abandoned mine sites located in hyperarid regions under present day climatic conditions are presumed to pose no significant threat to the wider environment. Data show this to be generally true with current environmental conditions, but not necessarily the case for potential future climate changes. Currently, environmental conditions pose low risks to human health and the environment in areas downwash from source areas of the Carnation, Eagle, or Techatticup washes. If further desertification occurs, risk to downwash environments would be reduced even more. However, increases in precipitation events by ENSO or climate change could increase the risk to the wider environment downwash from sources areas, e.g., Lake Mohave.
Currently, there are more than 300,000 abandoned mining sites located in Southern Nevada and countless more globally in similar dry environments. Many of these sites are little more than adits and shafts; however, a small percentage could be similar to those in Nelson where large amounts of processed tailings and mill waste were produced and openly disposed. Based on estimates of increased erosion rates of source materials with increasing precipitation frequencies and intensities caused by ENSO or climate change could result in greater risks to human health and the environment. Sites located elsewhere that are significantly more contaminated could be at an even greater risk for waste mobilization into the wider environment. If climate changes impact the local environments with increases in precipitation and intensification and frequency of storm events, pathways for contaminants to enter the wider environment might ultimately impact the food chain. The possible risks of impacting the wider environment in Nelson, Nevada provide examples for similar sites located in arid regions of the western United States as well as abroad.
